Mechanical behavior of ProTaper
Introduction
A thorough understanding of the configuration of curved root canal system is of great importance for successful root canal preparation (1) . As is commonly known, substantial curvature is an obstacle to root canal instrumentation. With an increase in canal curvature, the stress on the instrument becomes greater and the risk of breakage increases. Flexural fatigue also develops if the instrument is to rotate inside a curved root canal. This is especially true for nickel-titanium (NiTi) rotary instruments (2) . In this regards, the stresses and strains experienced by the instrument are of great clinical significance, as they are intimately related to the chance of instrument separation in use (3) (4) (5) .
There are many techniques to evaluate the root canal curvature. The most common and simplest method is that published by Schneider (6) , which provides a description of the angle.
Pruett et al. (7) indicated that it is not possible to define a curvature based on the angle alone, because canals can have the same angle while having different radii of curvature. It has been pointed out that to define the canal curvature mathematically and unambiguously, the angle, radius and length of the curve should all be considered and described (8, 9) . Recently, microcomputed tomography (micro-CT) and mathematical modeling has been used to analyze the root canal system 3-dimensionally (1, 10) . However, such complex descriptive parameters of the curvature are difficult to communicate to the clinician or the patient. Nor would it be easy to control for purpose of comparing the efficacy of root canal instruments or instrumentation techniques in laboratory experiments.
Little is known about the development and distribution of stresses and strains, an important factor related to instrument fracture and fatigue, of a rotary file that is subjected to bending in a curved root canal. Stress concentration sites are the most likely locations for fracture and fatigue-crack initiation and, hence, knowledge of the distribution of stresses in an instrument can help reduce the chance of fracture during clinical use (11) . Finite element analysis (FEA) has been increasingly used to study the mechanical behavior of endodontic files under bending or torsion (11) (12) (13) (14) (15) (16) . While some had used the Schneider's description for the curvature in their study (14) , with a concentrated load at one point and leaving the file to curve naturally in the form of cantilever bending, others took into account the effect of the radius of curvature (15) . The location of the (beginning and finishing point of the) curvature in relation to the length of the instrument is an important concern -as it is well-known that rotary files seem especially vulnerable in canals with a mid-root versus apical curve -but this has never been reported.
The main advantage of computational methods is the ability to evaluate aspects of the mechanical behavior of the instruments (e.g. stress and strain, and their distribution), which are difficult to measure through laboratory or in vivo tests. Moreover, different working conditions, by simply changing various boundary conditions, can be evaluated and compared readily in a numerical model. Given the potentials of FEA and the importance of canal curvature in endodontics, the purpose of this study was to examine the stresses and strain distribution patterns in NiTi (ad modem ProTaper Universal F2) files under different curvature conditions by using a dynamic, 3-dimensional FEA.
Materials and methods

Geometry and 3D mesh model
ProTaper Universal (finisher) F2 file (Dentsply Maillefer, Ballaigues, Switzerland) was used for the current study. A 3-dimensinal (3D) CAD model was created using a modeling software (CATIA; Dassault Systems, France) according to the information provided by the manufacturers, and from data in the literature (17) . To obtain the value for the pitch of the file (Fig. 1A) , the instrument was measured under an optical, travelling microscope. The 3D geometrical model was obtained for the cutting part, i.e. apical 16 mm of the file, which was then meshed with hexahedral and tetrahedral elements in software (Gambit; Fluent, Lebanon, NH). The meshed model consisted of 29362 elements (Fig. 1B) .
Constitutive model and numerical simulation
The mechanical behavior of nickel-titanium alloy is highly non-linear (18) . Briefly, the stress-strain behavior of NiTi comprises a linear elastic deformation of the parent phase (austenite), a pseudoelastic plateau during which stress-induced phase transformation from austenite to martensite occurs, followed by elastic and then plastic deformation of the martensitic phase. Together with the unloading curve, a hysteresis loop is formed (18) . The Young's modulus of the martensite is different from that of the austenite. In addition, there is a slight difference between the material's response in tension and compression (19) . This non-linear mechanical behavior during the stress-induced martensitic transformation, both forward (austenite to martensite) and reverse transformation, are the key to explain the superelastic property of this material. For this study, the parameters used were as follow: For the dynamic bending analysis, a pair (3D model) of straight tubes were created by the Gambit software (Fluent), to represent those parts of a canal that constrains the file coronal and apical to the curvature. That is, the curved part of the instrument was positioned between a straight coronal and a straight apical portion ( Fig. 1 C, D) . This would allow the simulation of mid-root curvatures or curve that begins at any part of the canal, by adjusting the location of the two tubes, instead of merely testing the cantilever bending characteristic of the instrument. Combinations of different lengths for the curved portion and for the straight apical (tube) portion were created, including: a 1 mm-long apical portion (inside the tube) with a curved portion of 2 to 5 mm in length; a 2 mm-long apical portion with a 2 to 4 mm-long curve; a 3 mm apical portion with a 2 or 3 mm curve; a 4 mm apical portion with a 2 mm curved portion ( Fig. 2 and 3) . That is, various combinations of the location and abruptness of the curvature for the apical 6 millimeters of the instrument was reproduced. The (arc portion of the) file was forced to bend by adjusting the distance and angulation of the two tubes with respect to each other, to simulate the various degrees of curvature experienced in a root canal. The curvature was described, using a method similar to that of Weine (20) and Pruett et al. (3) , as the angle between the two axes for the coronal and the apical portion of the instrument (i.e. of the two tubes) (Fig. 1D) . The maximum Von Mises stress and strain on the tension side (Fig. 1E) 
Results
At various curvature conditions and locations, the maximum stress and strain at the nodes on tension side were plotted for the instrument (Fig. 4) . The relationship was nonlinear, and appeared to correspond to the transformation between phases of the NiTi material on the stress-curvature plot. At the transformation or the "plateau" region of the plot, the degree of curvature continued to increase but with only a small rise in stress (Fig. 4A) .
The strain-curvature plot showed the amount of distortion as a function of the curvature (Fig.   4B ). The general sequence of the curves (i.e. order of the lines from left to right) mirrored closely that of the stress-curvature plot.
When the arc length for the curved portion was concerned, the longer the curve length portion, the lower the stress developed in the instrument (Fig. 2) . There was a sharp rise in the maximum Von Mises stress for instrument with a 2 mm-long curved part; the rise was even sharper when the curve was situated further up the shaft of the instrument (Fig. 4A) . In general, shifting the curved portion of the instrument from apical to a more coronal position resulted in an increase in the stress and strain values under the same arc length and angle of curvature (Fig. 4) . For different angles of curvature the distribution of Von Mises stress and strain changed (Fig. 3) . With an increasing angle, the stress value rose rapidly at first, then experienced a plateau stage and rose further (Fig. 4A) ; the angle of curvature did not seem to influence substantially the stress level at the plateau region. Angles beyond 45 degrees generally incurred high strain values, beyond the stress-induced martensitic transformation of the material (Fig. 4B) .
Discussion
In the last decade, NiTi rotary instruments were introduced to facilitate instrumentation of curved canals. They were shown to possess good shaping ability (21, 22) and result in an improved success rate of treatment (23) . There is a concern for unexpected instrument separation in use (2, 7, 21) , with a potential effect on the healing outcome of treatment depending on when this occurs in relation to the stage of root canal preparation (24) .
In this present study, we incorporated three parameters pertaining to the characters of curved root canals: the length of the curve (i.e. gentle vs abrupt curve), the angle and the position of the curved portion. Not measured in this study, the radius of the curvature is well-known for its impact on the fatigue life of rotary instruments (3) (4) (5) . While the curved portion of the file resembled an arc whose radius may be estimated by best-fitting a circle on it (25), it was commented that the trajectory assumed by the instrument is not exact on a circle but is a plain curve of a higher-order equation (26) . This is true considering that the rotary instrument is a tapered, not a prismatic beam. In this study, the curve length was used, instead, to represent the severity and abruptness of curvature; the FEA model would simulate the non-circular trajectory of the instrument due to the bending moment. Although we did not specify the radius of curvature in this study, a lengthy curved-portion always means a large radius obviously. That is, the shorter the length of curvature, the more abrupt the deviation at same the degree of curvature, hence representing a smaller radius of curvature. Our observation of the "curve-accommodating capacity" of the rotary file is in agreement with the results of laboratory experiments (7，27-29) suggesting that the radius of curvature (an estimation only, as the actual trajectory is not part of circle) was the predominant factor for fatigue life of the instrument.
From the stress and strain result of the group with 2mm curve (arc) length, there was a sharp rise in the maximum Von Mises strain for instrument with increasing curvature angle.
The rise was sharper than any other groups of a longer arc length (Fig.2) . Explanation of the effect of arc length is complex, but can be grossly simplified by stating that stress and strain on the instrument is inversely related to the radius of curvature (12, 14) . Therefore, as the curve (arc) length decreases, the reduced radius of curvature will lead to an increase in stress and strain for the instrument (Fig.2) . The fatigue life is negatively affected, which has been shown in many other studies (7, 12) . The results here indicated that the effect of the length (and hence radius) of curvature as an independent variable which should be considered when evaluating root canal instrumentation.
When the curved portion of the instrument was shifted from an apical to a more coronal position, the rise in stress and strain was even sharper at the same arc length and angle of curvature. Instruments of a large diameter will have lower fatigue lives, compared with smaller instruments (2, 7) . Therefore, considering cyclic fatigue as a contributor to instrument failure, if the curvature is situated closer to a coronal position, the rotary file will be in a more vulnerable position. But then, the radius of curvature (as indicated by the curve length in this study; Fig. 2 ) remains the most important factor in governing the fatigue failure, a fact that is well know to most clinicians nowadays.
Nickel-titanium instruments rotating with a curvature are subjected to tensile and The results here showed that decreasing the curve length and increasing the curvature angle bring about a rise in the stress and strain levels. And the plot corresponded well with the stress-induced martensitic transformation of superelastic NiTi material from which the instruments are made.
It is widely accepted that instruments of a smaller diameter are able to withstand a higher number of cycles of flexural fatigue loading (rotational bending) than those larger instruments of the same design (2, 3, 7, 21, 29) . Our finding clearly demonstrated that positioning the simulated curvature away from the tip of instrument, i.e. bending that wound affect a cross section with a larger diameter due to the taper, would result in increasing levels of stress and strain. 
